Melanoma is a highly malignant tumour and its propensity to metastasise together to its resistance to therapy in later stages make it the most aggressive skin cancer ([@bib39]; [@bib43]). The high mortality rate of malignant melanoma, the poor efficacy of chemotherapy in advanced stages of the disease and the high toxicity of the classical regimens have stimulated intensive research for new alternatives for the therapy of melanoma. Various studies suggest that an intrinsic resistance to apoptosis can be one important mechanism by which melanoma cells escape therapeutic control ([@bib43]). Therefore, new therapeutical strategies that bypass this resistance are necessary.

Bisphosphonates are a class of synthetic analogues of the endogenous pyrophosphate, which are well established in the treatment of osteoclast-mediated bone diseases such as osteoporosis, Paget\'s disease of the bone and tumour-induced osteolysis ([@bib16]; [@bib14]). They have been used in medical practice for more than three decades for their antidemineralising effects. Recently, an increasing body of evidence from both *in vitro* and *in vivo* studies suggests that bisphosphonates may also have a specific antitumoural action ([@bib10]; [@bib29]; [@bib19]). Thus, bisphosphonates have been shown to inhibit proliferation, induce cell cycle changes and/or induce apoptosis in various types of human tumour cells, especially in those with preferential spread to bone, such as multiple myeloma, breast or prostate carcinoma cells ([@bib41]; [@bib38]; [@bib20]; [@bib24]; [@bib44]; [@bib22]; [@bib27]).

For the nitrogen-containing bisphosphonates, this antiproliferative and proapoptotic effect appears to be related to their ability to inhibit the enzymes of the mevalonate pathway, especially farnesyl pyrophosphate (FPP) synthase ([@bib25]; [@bib4]; [@bib37]). Consequently, bisphosphonates prevent the synthesis of higher isoprenoids such as geranylgeranyl pyrophosphate (GGPP) and FPP, which are necessary for the post-translational processing (prenylation) of different signalling molecules, including monomeric G proteins of the Ras and Rho families. For these families of small GTPases, the prenyl residues act as membrane anchors essential for their activation and further interaction with other signalling molecules ([@bib3]; [@bib2]). Ras and Rho protein families are key regulators of a variety of cellular processes, ranging from reorganisation of the cytoskeleton to transcriptional regulation and control of cell growth and survival ([@bib2]). When their expression and activation escape the control mechanisms, small GTPases play an essential part in promoting tumorigenesis and tumour metastasing ([@bib17]; [@bib9]; [@bib30]). Therefore, their inactivation by inhibition of prenylation could explain at least in part the antitumoral effects described for bisphosphonates. On the contrary, bisphosphonates that lack a nitrogen atom, such as clodronate, appear to have no effect on the mevalonate pathway, but rather reduce cell viability by metabolism to inactive analogues of ATP, and consequently, by disruption of the ATP-dependent processes of the cell ([@bib34]; [@bib35]).

We have previously demonstrated that the nitrogen-containing bisphosphonate pamidronate is able to induce apoptosis and to inhibit proliferation in melanoma cells *in vitro* ([@bib33]). Melanoma metastasises less often to bone, but it is an aggressive tumour with high metastatic potential and marked resistance to the currently available antitumour therapy strategies. New therapy alternatives are urgently required, and we addressed the question of the possible benefit of bisphosphonates in the adjuvant therapy of melanoma. Besides the well-known pamidronate, a wide range of newer bisphosphonates with higher antiresorptive effect have been introduced in practice ([@bib18]; [@bib15]; [@bib50]). However, the relationship between antiresorptive potency, mechanism of action and cellular effects of bisphosphonates has not been completely elucidated. Moreover, to what extent bisphosphonates of different pharmacological classes differ in their effects in tumour cells or if higher antiresorptive potency implies a stronger effect against tumour cell growth is still a matter of debate.

The present study aims to compare the effect of three different bisphosphonates, with different postulated mechanisms of action and different antiresorptive potencies, on cell proliferation, cell cycle progression and cell survival in melanoma *in vitro*. We have chosen for this purpose the nonaminobisphosphonate clodronate, widely used in the treatment of cancer-induced osteolytic disease, and two nitrogen-containing bisphosphonates, pamidronate and the newly developed zoledronate, the most potent antiresorptive agent known to date.

MATERIAL AND METHODS
====================

Reagents
--------

Pamidronate (Aredia®) (3-amino-1-hydroxy-propyldiene-1,1-bisphosphonate) and zoledronate (Zometa®) (2-(imidazole)-1-yl) hydroxyethylidene-1,1-bisphophonate) were obtained from Novartis Pharma (Nürnberg, Germany). Clodronate (dichlorohydromethylene-diphosphonic acid) was purchased from Sigma (Munich, Germany).

All three bisphosphonates were dissolved in distilled water and filter sterilised (sterile filters, B Braun, Melsungen, Germany). Stock solutions (at final concentrations of 21.5 m for pamidronate, and 100 m for zoledronate and clodronate) were aliquoted and kept at −20°C for long-term storage.

Caspase-3 inhibitor was purchased from Alexis (Grünberg, Deutschland). Cells were pretreated with the inhibitor 1 h prior to stimulation.

Dulbecco\'s modified Eagle\'s medium (DMEM) was purchased from Invitrogen (Karlsruhe, Germany). Further cell culture reagents were obtained from Seromed-Biochrom (Berlin, Germany). All other reagents were obtained from Sigma (Munich, Germany) unless stated otherwise.

Cell culture
------------

The melanoma cell line A375 (CRL-1619), derived from primary tumour, was purchased from American Type Culture Collection (Manassas, VA, USA). The melanoma cell population M186 was obtained by surgical intervention from a patient with histologically confirmed melanoma metastases. Melanoma cells were grown in 75 cm^2^ culture flasks (Nunc, Wiesbaden, Germany) in DMEM supplemented with 10% heat-inactivated foetal calf serum, 100 U ml^−1^ penicillin and 100 *μ*g ml^−1^ streptomycin, in a 5% CO~2~ atmosphere at 37°C.

Proliferation assay
-------------------

Proliferation was assessed using the crystal violet staining method ([@bib51]). Subconfluent melanoma (60 000 cells well^−1^) were treated in 24-well plates with the indicated agents or corresponding solvents as control. After the indicated incubation time, culture medium was removed, cells were rinsed with phosphate-buffered saline (PBS) to wash off nonadherent cells and the remaining cells were fixed with 0.1  glutaraldehyde in PBS for 30 min at room temperature. Subsequently, cells were washed with PBS and then stained by incubation with 0.2 m crystal violet in PBS for 30 min at room temperature. Unbound dye was washed away in deionised water for 15 min and 0.2% Triton X-100 was added to release the bound dye. After 1 h of incubation, 100 *μ*l supernatant of each sample was transferred to 96-well microtitre plate and the extinction at 570 nm was measured using an ELISA photometer. Extinction values of vehicle-treated control cells were set at 100% and the rate of proliferation of bisphosphonate-treated cells was calculated as the percent of controls.

Cytotoxicity assay
------------------

Cytotoxicity was determined using the Cytotoxicity Detection Kit (LDH) Roche Diagnostics, (Mannheim, Germany). After incubation of 80 000 cells well^−1^ in 24-well plates, for up to 24 h plates were centrifuged at 300 **g** for 5 min. A measure of 50 *μ*l of the resulting supernatant were transferred into a microtitre plate and lactate dehydrogenase (LDH) activity was determined by the addition of substrate solution. Formation of the formazan salt was measured at 490 nm using an ELISA photometer. Extinction values of control cells were set at 100% and the rate of LDH release from the treated cells was calculated as the percent of controls.

Cell death detection
--------------------

Induction of apoptosis was measured using the 'Cell death detection ELISA^PLUS^' kit from Roche Diagnostics (Mannheim, Germany), which detects oligonucleosomes released into the cytoplasm of cells during apoptosis, by means of a combination of anti-histone and anti-DNA antibodies, as described ([@bib51]).

Cells were seeded at 80 000 cells well^−1^ in 24-well plates and left to adhere overnight. Subsequently, cells were treated as indicated, after which the plates were centrifuged at 300 **g** for 5 min. The supernatant was cautiously removed and the cells further incubated with lysis buffer for 30 min at room temperature. After centrifugation at 300 **g** for 10 min, 20 *μ*l from the resulting supernatants were transferred to a streptavidin-coated microtitre plate, supplemented with 80 *μ*l of immunoreagent solution (containing biotin-coupled anti-histone antibodies and peroxidase-coupled anti-DNA antibodies) and incubated for 2 h at room temperature under moderate shaking.

After incubation, the wells were rinsed with incubation buffer, supplied with 100 *μ*l substrate solution per well and further incubated for 10 min at room temperature, under protection from light. The extinction of the samples at 405 nm was measured using an ELISA photometer. Extinction values of control samples were set at 100% and DNA fragmentation of treated cells was calculated as the percent of control.

Measurement of caspase-3/7 activity
-----------------------------------

Capase-3/7 activity was measured by proteolytic cleavage of the fluorogenic substrate Z-DEVD-R110 using the Apo-One™ Homogeneous Caspase-3/7 Assay (Promega, Madison, WI, USA). Cells were treated for 24 h in 96-well plates with the corresponding bisphosphonates or vehicle as control, at concentrations as indicated. Apo-One™ Homogeneous Caspase-3/7 buffer containing Z-DEVD-R110 diluted 1 : 100 was added to the cells and incubated at room temperature. The activity was measured fluorimetrically with an excitation wavelength of 499 nm and an emission wavelength of 521 nm after 90 min. Caspase-3/7 activity was determined and expressed as the percentage of control.

Cell cycle analysis
-------------------

The distribution of cells in different phases of the cell cycle after treatment with bisphosphonates was analysed by measuring the DNA content of cells using FACS analysis after nuclear staining with propidium iodide. Melanoma cells were seeded at 80 000 cells well^−1^ in six-well plates. After 48 h, they were treated as indicated and subsequently washed with PBS, trypsinised and harvested in culture medium. All washes and cell solutions were pooled and centrifuged at 200 **g** for 5 min. The cell pellet was resuspended in PBS and 1 × 10^6^ cells of each sample were collected, washed in ice-cold PBS and fixed in ice-cold 70% ethanol in PBS (v v^−1^) at −20°C over night.

For the analysis of DNA content, samples were thawed and centrifuged at 400 **g** for 5 min. The pellet was washed once with 1 ml PBS, and then incubated with 1 ml of 2% propidium iodide and 20% RNase A in PBS, for at least 30 min at room temperature, protected from light. After incubation, the cell suspension was analysed for red fluorescence with a FACSCalibur flowcytometer (Becton Dickinson, Heidelberg, Germany). DNA histograms were created using Cell Quest™ software, version 3.0 for Apple Macintosh (Becton Dickinson), where 20 000 events sample^−1^ were analysed. The relative distribution of cells in the phases of the cell cycle was calculated with ModFitLT software, version 2.0 for Apple Macintosh (Becton Dickinson).

Statistical analysis
--------------------

Statistical significance was determined using the Student\'s *t*-test, with SigmaStat 2.03 software. *P*\<0.05 was considered significant.

RESULTS
=======

Nitrogen-containing bisphosphonates inhibit melanoma cell proliferation
-----------------------------------------------------------------------

In order to investigate the effect of bisphosphonates on melanoma cell growth, melanoma cell lines A375 and M186 were treated with increasing concentrations of pamidronate, zoledronate and clodronate for 24 h. The number of cells was determined using the crystal violet method. In both cell lines, pamidronate as well as zoledronate treatment resulted in a dose-dependent decrease in cell number ([Figure 1](#fig1){ref-type="fig"}Figure 1Effects of bisphosphonates on melanoma cell proliferation. A375 (**A**) and M186 (**B**) melanoma cells were incubated for 24 h with the indicated doses of pamidronate (squares) or zoledronate (circles). Cell proliferation was evaluated using the crystal violet technique. Four independent experiments were performed in quadruplicate with similar results. One representative experiment is shown. Results are given as % of controls±s.d. (*n*=4) (^\*^*P*\<0.05; ^\*\*^*P*\<0.01).). In A375 cells, ([Figure 1A](#fig1){ref-type="fig"}) a significant reduction in cell number was observed after treatment with 50 *μ* pamidronate, and reached the maximum after treatment with at 100 *μ* pamidronate (84% of control). Higher concentrations of pamidronate were not able to induce a further decrease in cell number. Zoledronate was more effective in inhibiting cell growth. The cell number was significantly reduced to 89% of control at a concentration of 30 *μ* and further decreased to 45% of control at 100 *μ* zoledronate. A similar effect of bisphosphonate treatment was observed in M186 cells ([Figure 1B](#fig1){ref-type="fig"}). A slight, yet still significant reduction of cell number was observed for pamidronate at a concentration of 100 *μ* (88% of control), and a stronger effect was observed for zoledronate, beginning at a concentration of 30 *μ* and reaching a maximum at 100 *μ* with 57% of control.

In contrast, incubation of both A375 and M186 cells with the nonaminobisphosphonate clodronate, at concentrations ranging from 100 to 1000 *μ*, failed to induce a significant decrease in cell number within 24 h (data not shown).

Nitrogen-containing bisphosphonates induce apoptosis in melanoma cell lines
---------------------------------------------------------------------------

DNA fragmentation as a marker of apoptosis was evaluated by means of an ELISA technique in A375 and M186 cells after 24 h of incubation with increasing concentrations of pamidronate, zoledronate or clodronate.

A dose-dependent induction of DNA fragmentation was observed after both zoledronate and pamidronate treatment in the two-cell populations that were studied. In A375 cells, a significant effect was detectable at concentrations of 50 *μ* and was further increased at 100 *μ* ([Figure 2A](#fig2){ref-type="fig"}Figure 2Effect of bisphosphonates on the induction of apoptosis in melanoma cells. Preconfluent A375 (**A**) and M186 (**B**) melanoma cells were treated with the indicated concentrations of zoledronate (white columns), or pamidronate (grey columns) for 24 h. (**C**) A375 (light grey columns) and M186 (hatched columns) cells were treated for 24 h with clodronate in the indicated concentrations. DNA fragmentation was measured using the 'Cell death detection ELISA^PLUS^' as described under Materials and methods. Four independent experiments were performed in quadruplicate, with similar results. One representative experiment is shown. Results are given as % of controls±s.d. (*n*=4) (^\*^*P*\<0.05; ^\*\*^*P*\<0.01).). In M186 cells, increased DNA fragmentation was first detected at a concentration of 30 *μ* ([Figure 2B](#fig2){ref-type="fig"}). In both cell lines, 100 *μ* pamidronate had a stronger effect in inducing apoptosis, with DNA fragmentation reaching 711% of control in A375 cells, and 746% of control in M186 cells, while, using 100 *μ* zoledronate, DNA fragmentation reached only 280% of controls in A375 cells and 247% in M186 cells. In contrast, A375 and M186 cells treated for 24 h with clodronate in concentrations ranging from 100 to 1000 *μ* showed no significant effect on DNA fragmentation ([Figure 2C](#fig2){ref-type="fig"}).

The activity of the execution caspase-3 or -7 is a further marker of apoptosis. The data obtained for DNA fragmentation correlated well with the caspase activity measured in bisphosphonate-treated melanoma cells. A375 and M186 cells were treated for 24 h with 100 *μ* pamidronate or zoledronate, respectively, after which the activity of caspase-3/7 was measured. The data obtained on caspase activation further support a stronger proapoptotic effect of pamidronate, in comparison to zoledronate. ([Figure 3](#fig3){ref-type="fig"}Figure 3Nitrogen-containing bisphosphonates induce caspase-3/7 activity in melanoma cells. Preconfluent A 375 (**A**) and M186 (**B**) cells were treated with vehicle control (white bars), 100 *μ* pamidronate (grey columns) or 100 *μ* zoledronate (black columns) for 24 h. For specific activation of caspase-3, cells were pretreated with the respective caspase-3 inhibitor 1 h prior to stimulation and then treated for 24 h with 100 *μ* pamidronate or zoledronate in combination with the inhibitor (square bars). Caspase-3/7 activity was determined with the Apo-One™ homogeneous caspase-3/7 assay as described under Materials and methods. Three independent experiments were performed in quadruplicate, with similar results. One representative experiment is shown. Results are given as % of control±s.d. (*n*=4) (^\*^*P*\<0.05; ^\*\*^*P*\<0.01).). Treatment of the cells with clodronate showed no effect on caspase-3/7 activity (data not shown).

A possible unspecific cytotoxic effect of bisphosphonates on melanoma cells was investigated by measuring the extracellular release of LDH, following bisphosphonate treatment. No increase of LDH release in comparison with controls was found in M186 and A375 cells treated for 24 h with zoledronate or pamidronate in a concentration range between 10 and 100 *μ*, while treatment with the nonaminobisphosphonate clodronate, in concentrations ranging from 100 to 1000 *μ*, induced a moderate but significant increase in extracellular LDH activity measured after 24 h (data not shown). Thus, nitrogen-containing bisphosphonates are able to induce apoptosis in a dose-dependent manner in melanoma cells, while the nonaminobisphosphonate clodronate appears to induce necrosis without apoptotic effect.

Further on, we investigated the relationship between the apoptotic effect of bisphosphonates and the duration of the treatment. A375 melanoma cells were incubated for 6, 12 and 24 h with 100 *μ* pamidronate or zoledronate. A significant increase in DNA fragmentation was observed after 12 h of incubation with both bisphosphonates ([Figure 4](#fig4){ref-type="fig"}Figure 4Time dependency of bisphosphonate-induced apoptosis in melanoma cells. Preconfluent A375 melanoma cells were treated with the indicated concentrations of zoledronate (grey columns) or pamidronate (black columns), or vehicle for 6, 12 and 24 h. At each time point, DNA fragmentation was measured using the 'Cell death detection ELISA^PLUS^' as described under Materials and methods. Three independent experiments were performed in quadruplicate, with similar results. One representative experiment is shown. Results are given as % of controls±s.d. (*n*=4) (^\*^*P*\<0.05; ^\*\*^*P*\<0.01).), and increased further markedly after 24 h of treatment, reaching up to 700% of controls for pamidronate and 315% for zoledronate. Thus, apoptosis induced by bisphosphonates is dependent on both concentration and duration of treatment.

Bisphosphonates inhibit progression of melanoma cells through the cell cycle
----------------------------------------------------------------------------

In order to study the effect of bisphosphonates on cell cycle progression of melanoma cells, FACS analysis of the DNA content was used to investigate the distribution of A375 and M186 cells in the phases of the cell cycle. Cells were treated for 24 h with increasing concentrations of pamidronate, zoledronate or clodronate.

Vehicle-treated cultures exhibited a distribution of cells in the phases of the cell cycle typical for proliferating cells, with an average of 61% of cells having a 2*n* DNA content, corresponding to G0/G1 phase, 10% of cells having a 4*n* DNA content (G2/M) and 28% showing a DNA content between 2*n* and 4*n*, corresponding to the S phase ([Figure 5](#fig5){ref-type="fig"}Figure 5Distribution in various phases of the cell cycle of cultured melanoma cells after bisphosphonate treatment. A375 cells were treated with (**A**) pamidronate, (**B**) zoledronate or (**C**) clodronate at the indicated concentrations for 24 h. DNA content of cells was determined by propidium iodide staining using FACS analysis, and the distribution of cells in G0/G1 (diamonds), S (squares) and G2/M (triangles) phases of the cell cycle is shown. Results are given as the percentage of cells in G0/G1, S and G2/M phases as determined by ModFitLT software (version 2.0). Values represent the mean of three independent experiments±s.d. (*n*=3) (^\*^*P*\<0.05).).

Cells treated with pamidronate or zoledronate in a concentration range of 10--100 *μ* showed comparable dose-dependent alterations in cell cycle distribution, with an increase in number of cells in S phase accompanied by a reduction in the proportion of cells in G0/G1 and G2/M phases ([Figure 5A and B](#fig5){ref-type="fig"}). Zoledronate was more potent in inducing changes in cell cycle distribution, its effects starting at concentrations of 30 *μ*, while pamidronate significantly altered the distribution of cells in the cell cycle phases only at the highest concentration. The maximum effect was seen for both drugs at a concentration of 100 *μ*, with an increase in the proportion of cells in S phase from 28 to 49% for pamidronate and to 47% for zoledronate.

In contrast, treatment of cells with clodronate at concentrations 10 times higher showed a different pattern, with the tendency of an increase in the proportion of cells in G0/G1 phase ([Figure 5C](#fig5){ref-type="fig"}).

DISCUSSION
==========

At present, bisphosphonates are emerging as new potential antitumoral drugs. While most of the studies on bisphosphonates concentrate on tumours with preferential spreading to bone, such as breast or prostate cancer, we were the first to show that pamidronate can induce apoptosis in melanoma cells ([@bib33]). In order to further investigate the potential benefit of bisphosphonates in the treatment of melanoma, the present study compares the effect of these compounds on proliferation, cell cycle progression and apoptosis induction in melanoma cell lines. Three bisphosphonates, with different structure, antiresorptive potency and postulated mechanism of action, namely pamidronate, zoledronate and clodronate, were analysed.

Our results indicate that both nitrogen-containing bisphosphonates pamidronate and zoledronate are able to decrease cell proliferation *in vitro* in a dose-dependent manner. Inhibition of cell growth was not the result of necrosis, as no significant release of LDH from the cells was measured after treatment with the two bisphosphonates. At the same time, proliferation inhibition cannot be explained only by induction of apoptosis, since the antiproliferative capacity did not correlate to the proapoptotic effect of these nitrogen-containing bisphosphonates. Both pamidronate and zoledronate induced DNA fragmentation in the two studied melanoma cells lines, A375 and M186, in a dose- and time-dependent manner, but pamidronate had a stronger proapoptotic effect. Consistently, pamidronate induced a stronger activation of the execution caspase-3/7. This caspases activation supported the specificity of the proapoptotic effect of bisphosphonates.

In contrast, the nonaminobisphosphonate clodronate, even at concentrations 10 times higher, had no significant effect on cell number and induction of apoptosis in cultured melanoma cells. However, in higher dose, clodronate caused a slight increase in LDH activity, suggesting some cytolytic effect.

These differences observed in the activity of the three bisphosphonates may reflect the difference in the mechanism of action between the nitrogen-containing and nonaminobisphosphonates. The stronger antiproliferative and/or proapoptotic effect of nitrogen-containing bisphosphonates compared to nonaminobisphosphonates was also reported in other cell types such as macrophages ([@bib4]; [@bib35]), breast cancer cells ([@bib38]), multiple myeloma ([@bib40]; [@bib42]) or colon adenocarcinoma ([@bib45]), and this effect appears to be related to the ability of nitrogen-containing bisphosphonates to inhibit the mevalonate pathway and thereby the prenylation of signalling proteins such as the small GTPases. Both pamidronate and zoledronate were shown to inhibit specifically the enzyme FPP synthase ([@bib7]; [@bib13]), and the depletion of cellular pools of GGPP and FPP has been demonstrated to be a key mechanism in the induction of apoptosis and reduction of cell viability by nitrogen-containing bisphosphonates ([@bib4]; [@bib23]; [@bib31]). Consistently, in melanoma, we previously demonstrated that the apoptotic effect of pamidronate could be reversed by supplementation of cells with GGPP and FPP precursors, which circumvents the bisphosphonate-induced inhibition of isoprenoid synthesis ([@bib33]). However, the exact mechanisms by which inactivation of small GTPases leads to the induction of apoptosis have not been elucidated to date. In melanoma, the apoptotic action of nitrogen-containing bisphosphonates involves caspase-3 activation and as shown previously ([@bib33]) is not influenced by bcl-2 overexpression.

In contrast to nitrogen-containing bisphosphonates, clodronate does not inhibit isoprenoid synthesis ([@bib32]). Rather, it has been reported that nonaminobisphosphonates can induce cell death by metabolism to toxic nonhydrolysable analogues of ATP ([@bib34]) and consequently by disrupting the energy-requiring processes of the cells. In the present study, the lack of effect of clodronate on cell survival *in vitro* (even at high concentrations) may suggest that this mechanism has no functional significance in melanoma cell lines.

Although the two nitrogen-containing bisphosphonates differed in their capacity to induce apoptosis and to inhibit cell proliferation, a prominent effect of both was the alteration of the progression of melanoma cells through the phases of the cell cycle. Measurement of the cellular DNA content by FACS analysis revealed that both zoledronate and pamidronate caused accumulation of cells in the S phase of the cycle in the two melanoma cell lines studied, with a corresponding decrease in the number of cells in G1 and G2/M phases ([Figure 5](#fig5){ref-type="fig"}). This effect was dose dependent and stronger using zoledronate, which induced significant alterations of the cell cycle progression starting at the concentration of 30 *μ*; in comparison, pamidronate had a significant effect on cell cycle progression only at the concentration of 100 *μ*. The mechanism of these changes in the cell cycle is not clear. A similar delay in the S-phase progression has been documented in myeloma ([@bib1]; [@bib22]), prostate cancer cells ([@bib24]) or keratinocytes ([@bib31]) treated with nitrogen-containing bisphosphonates, and this could be related to the inhibition of prenylation of small GTPases. Both Ras and Rho proteins are known as important regulators of the cell cycle ([@bib21]; [@bib28]; [@bib30]; [@bib49]), and in consequence their inactivation via inhibition of prenylation by bisphosphonates could explain the alterations of the cell cycle observed after treatment with these compounds. It would also be consistent with the observation that other inhibitors of the mevalonate pathway, such as statins, also induce comparable cell cycle changes ([@bib48]; [@bib26]).Very recently it was shown, for myeloma cells, that S-phase cell cycle arrest induced by nitrogen-containing bisphosphonates is linked to mitogen-activated protein kinase (MAPK) cascade activation ([@bib22]).

Consistent with the lack of effect of clodronate on cell proliferation and apoptosis, this compound also failed to significantly alter cell cycle progression, even at the higher concentrations.

Zoledronate is considered the most effective antidemineralising agent available on the market, being about 100 times more potent then pamidronate in inhibiting bone resorption *in vivo* ([@bib50]). However, in our study pamidronate was more efficient than zoledronate in inducing apoptosis in both melanoma cell lines studied. In contrast, zoledronate proved to be more potent in altering the cell cycle progression of cells and in inhibiting cell proliferation.

These results suggest that zoledronate affects mostly cell growth, while pamidronate acts rather by inducing cell death. Similar differences in the actions of the two agents have also been reported in some of the studies in breast ([@bib8])or prostate cancer cells ([@bib24]). Pamidronate has also been shown to be more effective in inducing cell death than other bisphosphonates with higher antiresorptive potency ([@bib11]; [@bib38]; [@bib5]; [@bib45]). The lack of correlation between the antiresorptive potency of bisphosphonates *in vivo* and their antitumoral effect *in vitro* appears to be dependent on both compound and cell type, and may be explained, for example, by selective inhibition by bisphosphonates of additional enzymes of the mevalonate pathway ([@bib47]; [@bib36]; [@bib46]) or possible additional mechanisms of action of bisphosphonates, for example, MAPK signalling ([@bib22]).

One objection point mentioned in most of the studies on bisphosphonates is the doses at which the antitumoral effect is achieved. In our study, inhibition of proliferation, cell cycle progression changes and induction of apoptosis in cultured melanoma cells by the two aminobisphosphonates were observed at concentrations ranging from 10 to 100 *μ*. Similar concentrations of aminobisphosphonates have been reported to act antiproliferative and/or proapoptotic in other types of tumour cells, for example, myeloma ([@bib41]), breast cancer ([@bib38])or prostate cancer ([@bib24]). It is however not clear if these high concentrations may also be achieved *in vivo*, at least using the current dosage and treatment regimens. As bisphosphonates are rapidly removed from circulation following administration and accumulate in the bone, primary tumour cells or visceral metastases would be most likely exposed to only much lower doses of bisphosphonates, probably in the range 1--5 *μ* ([@bib12]; [@bib6]). Different treatment regimens or new bisphosphonates analogues with less affinity for the bone may be necessary in future to solve this problem.

In summary, we demonstrate that nitrogen-containing bisphosphonates are effective antitumour agents in melanoma *in vitro*, as they inhibit proliferation, cause an S-phase delay in the cell cycle progression and induce apoptosis in melanoma cells. These encouraging results need to be confirmed by *in vivo* studies and further investigation is required to clarify the exact mechanism of the antineoplasic action of bisphosphonates, as well as their most effective structure and dosing regimen, in order to establish the possible benefit of these compounds in the adjuvant treatment of melanoma.
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